Shale gas equilibrates through gas-liquid-solid interactions in reservoirs, but the role of moisture is rarely investigated. To determine how adsorbed water influences methane behavior, three carboniferous shale samples from the Qaidam Basin, China, were humidified at five levels up to a relative humidity of 89%, and their methane capacities at pressures up to 12 MPa were studied. The experimental results indicate that two water-related mechanisms, "water blocking for methane transport" and "surface competition for gas-solid interaction," are primarily responsible for the methane capacity variations. A compositional comparison suggests that a high abundance of clay minerals plays a favorable role in methane migration by retaining water in interlayer pores. Based on the experimental data, an optimized method for calculating the adsorption amount based on an approximation of density distribution is proposed. The model predicts the average thickness of the adsorption layer and the adsorbed methane density distribution on the surface at a given pressure. The methane adsorption layer "thins" in a stepped pattern by up to 45% in the presence of water, with little further change observed at relative humidities greater than 75% in the studied samples.
Introduction
Shale gas has become one of the most important energy resources in recent years because of advances in well drilling and stimulation technologies, which have led to large amounts of natural gas production from shales. Gas predominantly occurs as free gas in pores and fractures, as adsorbed gas on the surface of organic matter and inorganic components and as a small amount of dissolved gas in water, oil, and bitumen (Guo et al., 2014) . The adsorption capacity is an important parameter that has been widely reported (Chalmers & Bustin, 2008; Chen et al., 2011; Heller & Zoback, 2014; Ross & Bustin, 2007a; Weniger et al., 2010; Zhang et al., 2012) , but the dependence of the adsorption isotherms on the pressure and moisture is worthy of further analysis.
Moisture content is an important component of the gas shale reservoir system as the amount and distribution of water can have adverse effects on the volume of adsorbed and free gas, as well as on the relative permeability/diffusivity. Most shales contain a certain amount of water, which stably interacts with the pore surfaces and presents a difficulty in removal below 313.15 K (Heller & Zoback, 2014) . Tokunaga et al. (2017) conducted water adsorption studies on crushed shale and observed significant saturation hysteresis. Their results quantified the severity of the water blocking problem and suggested that gas production from unconventional reservoirs is largely associated with stimulated regions that have had little or no exposure to injected water.
With respect to the adsorption, although many studies have stressed the impact of moisture on methane adsorption in coal (Busch et al., 2004; Clarkson & Bustin, 2000; Fitzgerald et al., 2005; Ji et al., 2012) , the issue of how moisture in inorganic-dominated shales influences the methanesurface interaction is under debate. Conventional wisdom suggests that water molecules reduce the sorption sites for gas, which contributes to a reduction of the methane capacity (Joubert et al., 1974; Levy et al., 1997) . Controversially, several authors have suggested that moisture acts as a diluent for gas sorption (Yee et al., 1993) . Hatch et al. (2012) determined the water adsorption capabilities of kaolinite, illite, and montmorillonite clays at room temperature (298 K) using horizontal attenuated total reflectance and Fourier transform infrared spectroscopy with a flow cell. They investigated submonolayer water adsorption up to monolayer coverage at a relative humidity (RH) of 13%, which was followed by mesopores (13-76% RH) and finally multilayer water adsorption (76% RH). Density functional theory (DFT) and grand canonical Monte Carlo methods have been successfully applied to describe adsorption of supercritical gases with simple molecular structures, such as methane, argon, and carbon dioxide, onto geometrically simple surfaces. Jin and Firoozabadi (2014) performed a series of grand canonical Monte Carlo simulations on clay and suggested that in micropores, water, carbon dioxide, and methane adsorb within the same layer; water molecules adsorb onto the first layer, and CO2 and methane exhibit a weak second-layer adsorption in mesopores and macropores. Unfortunately, the complexity of the pore system in shales precludes using the conclusions from an ideal geometric surface to explain the effect of moisture on the methane capacity of shales. Moreover, few studies have investigated the methane capacity of partially saturated shales.
High-pressure methane isotherms exhibit an "adsorption maximum," and substantial effort has been devoted to obtaining a reasonable explanation for this behavior (Zhou et al., 2000) . Zheng and Gu (1998) predicted the isotherms of CO CO  2 mixtures and CO2 N  2 mixtures on Cu (I) NaY zeolite using a modified van der Waals equation of state (EOS). The authors compared  their model to extensively published models confirming that the semiempirical EOS of the authors' model is in better agreement with experimental data than traditional gas-liquid EOSs for gas-solid interactions. Their results provide a new calculation insight in dealing with the "adsorption maximum" observed in extensive experiments. Murata and Kaneko (2000) proposed an iteration procedure to obtain the Gibbs adsorption amount and applied it to the high-pressure CH4 adsorption capacity determination on nonporous carbon black and microporous carbon from 273 to 303 K. With a consideration of the adsorbed gases, their new data processing can effectively avoid the adsorption maximum phenomenon and increase the adsorption amount to ~3 times or more. Reports in the literature have proposed extensive improvements to Gibbs data processing, as the current methods involve complex models based on different theoretical assumptions, with little direct data application.
Our objective in this paper was to experimentally analyze methane behavior in shales with different moisture contents and predict the adsorption amount using an optimized model. The effect of water on methane adsorption varies with the compositional/structural characteristics. By analyzing the experimental and modeling results, we determined the pores and pressure zone in which water significantly affects methane transport and adsorption.
Experiments

Samples
The investigated shale samples were from core extracted from the Carboniferous Keluke Group Formation in the eastern Qaidam Basin, China. Three samples were chosen from the Chaiye-2 core-drilling well in the Shihuigou region at depths of 938.5, 966.5, and 1,048.2 m considering the sufficiency of the sample supply. Geochemical methods were used to characterize the composition and structure of the samples to provide references for the methane capacity comparison. The geochemical tests were performed using several methods (Wang & Yu, 2016) . A carbon sulfur analyzer was used to determine the total organic carbon (TOC) content, and the determination was provided by North China Petroleum Analysis Lab, Renqiu, China. A quantitative mineralogical analysis was conducted using the X-ray diffraction method by the Micro Structure Analyzing and Testing Lab, Beijing, China. A microscope (equipped with F7000 MPV-SP, Hitachi, Japan) was used to determine the vitrinite reflectance, which represents the maturity of the organic matter.
Several methods were used to characterize different ranges of pore volume and surface areas, and the determination was provided by Beijing Center for Physical and Chemical Analysis, Beijing, China. The macropore size distribution was measured using mercury intrusion porosimetry (MIP, Pore Master GT 60, Quantachrome, from 0.8 to 30,000 psi). The low-pressure N2-adsorption isotherm was measured at a temperature of 78 K and a pressure below 1.27 bar. The sorption curve was analyzed for volume estimation using Barrette-Joynere-Halenda and DFT methods, and for surface area estimation using the Brunaue-Emmet-Teller equation (Groen et al., 2003) .
Low-pressure CO2 adsorption experiments were conducted at relative pressures of 0-0.03 and absolute pressures of 0-1.15 bar at 273 K (Li et al., 2015) . The DFT method was applied in calculating the micropore volume and surface area distribution from the adsorption isotherm curve.
Methane Adsorption
In the moisture studies, approximately 15 g of the shale was weighed to an accuracy of 0.001 g and then sealed for a week in a desiccator at 313 K to remove ambient moisture. For the adsorption measurements on dry samples, the samples were vacuum dried in the apparatus at 313 K for an additional 9 to 12 hr.
Moisture equilibration of the samples was performed at 313.15 K with saturated aqueous salt solutions to keep the RH at selected values from 22 to 89% (Greenspan, 1977) . The salts (VWR Co., USA), and their associated RH are presented in Table 1 . The crushed sample (<200 mesh, 0.074 mm) was evenly spread as a thin layer in a 6 cm × 6 cm aluminum plate suspended above the selected saturated salt solution in a sealed desiccator. The moisturizing procedure was conducted for at least one week (reaching constant sample mass), after which the shale was transferred to the sample cell. The methane adsorption experiments were conducted using a static manometric method (Merkel, Gensterblum, et al., 2015; Wang & Yu, 2016) . For samples of S_#1 and S_#2, the experiments were conducted at Lawrence Berkeley National Laboratory, Berkeley, California, USA. As shown in Figure 1 , the experimental setup consisted of three main components: a gas inlet system, an adsorption system, and a monitoring system. The gas inlet system involved highpressure methane with a purity of 99.99%, which was provided by Praxair Inc., USA, and a The amount of Gibbs adsorption that corresponds to the first adsorption balance pressure is described as follows:
(1) where n1 is the adsorbed amount of methane (mol) at the first pressure increase and Vr and Vvoid are the volumes (cm 3 ) for bulk gas in the reservoir and sample cells, respectively. In this study, Vvoid was obtained by porosity data from the MIP + CO2 determination to avoid possible moisture loss during the helium expansion (Rexer et al., 2014) . Pr and Tr denote the pressure (MPa) and temperature (K) in the reservoir cell before the adsorption, and Zrdenotes the corresponding compressibility factor. When the system reached an adsorption equilibrium after ~6-12 hr, the pressures and temperatures in the reservoir and sample cell were determined and are denoted by P′r, P′s, T′r, and T′s, respectively. The corresponding compressibility factors are denoted by Z′r and Z′s. In equations 1 and 2, R is the universal gas constant.
(2)
In equation 2, Δn is the amount of Gibbs adsorption for one pressure step and Pr,N and P ′r,Nrepresent the pressures before and after the Nth adsorption in the reservoir cell, respectively; the corresponding compressibility factors are denoted by Zr, N and Z′r,N. Ps,N and P′s,N represent the pressures before and after the Nth adsorption in the sample cell, respectively, and the corresponding compressibility factors are denoted by Zs,N and Z′s,N. The first data point was obtained from equation 1, and the subsequent data points were calculated using equation 2. In this study, Z was calculated using the modified Benedict-Webb-Rubin EOS recommended by the National Institute of Standards and Technology (Heller & Zoback, 2014) .
According to equations 1 and 2, the amount of accumulating gas (nN) that corresponds to the Nth adsorption balance pressure P′s,N is , and the amount adsorbed per unit mass of sample is Qn = nN/ms, where ms is the mass of the sample (Li et al., 2015) .
Modeling
Density Distribution Configuration
Several models have been used to describe gas sorption on unified porous materials and have been extended to applications involving complicated porous materials such as coal and shales (Clarkson & Bustin, 2000; Yuan et al., 2014) . These models are derived from different theoretical bases to mainly estimate the adsorption capacity, with less investigations on the physical significance of the related parameters. However, some parameters can reveal useful information about the adsorption mechanism, which was explored using the analytical model established in our work.
The optimized model proposed in this study considers the density distribution of methane adjacent to the shale surface. The model is based on the assumption that the density can be approximated by a normal distribution curve, which resembles the estimation of the change in density with the gas-solid interactions given by the Monte Carlo calculations of Titiloye and Skipper (2000) . Other fitting curves, such as those involving polymers and S-functions, would produce weaker correlation coefficients than the normal distribution after several tries.
In Figure 2 , the blue curve represents the methane density ρ as a function of the distance rfrom the surface. The Gibbs adsorption amount, which is also known as the amount of excess surface adsorption, can be represented by the area of region S1, and the absolute gas adsorption amount is expressed as the area of S1 + S2. In the simulation of Ambrose et al. (2010) , the density of the first adsorption layer (closest to the wall, i.e., ρ1) ranges from 0.48 to 0.57 g/cm 3 for pores from 3.6 to 1.95 nm. In this study, 0.57 g/cm 3 is used to approximate the density of the first adsorption layer based on the consideration of the major pore size of our shale samples. The parameter r1 represents the average distance of the first adsorption layer from the shale surface, and r1 = 0.4 nm is used as simulations indicate that methane molecules remain approximately 0.38-0.4 nm from a simulated surface (Mosher et al., 2013; Titiloye & Skipper, 2000) . The density of the bulk gas at a given pressure is represented as ρ2, and r2 is the thickness of the adsorption layer.
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Interpretation of the methane density distribution in the adsorption state.
Absolute Adsorption Model
The framework of the function is expressed as (3) where μ and σ are the mean and variance of the normal distribution, respectively. Because equation 3 is applied to approximate the methane density distribution at the surface, both μand σ have physical meanings. The parameter μ represents the distance between the adsorbent surface and the first adsorption layer of methane (equivalent to r1 in Figure 2 ), which is assumed to be 0.4 nm as discussed previously, and σ relates to the density at a given gas-solid distance; a larger σ indicates a "flatter and wider" density distribution. When water is present, its strong dipole results in a strong affinity to clay surfaces, whereas methane is supplanted and unable to form the same multiple layers. The weaker gas-liquid interactions can be reflected by the parameter σ.
Following the configuration in Figure 2 , an adsorbed methane density of ρ (y in equation 3) depends on the gas-surface distance r (x in equation 3). Therefore, we can derive equations 4 and 5 from equation 3: (4) (5) where r is the gas-solid distance in cm, ρ is the density of methane in g/cm 3 , and a is an intermedia parameter that is used to keep the maximum of ρ free from σ. The adsorption layer thickness (ALT), which is shown as r2 in Figure 2 , can be obtained using equations 4 and 5) if σ is also known. However, σ cannot be calculated directly, so we treated it as an optimization parameter in the following calculation.
The amount of bulk gas in the adsorbed phase (S2 in Figure 2 ) is calculated as (6) where ρbulk is the density of the bulk methane, nbulk is the amount of gas in the adsorbed phase with bulk density, and S represents the surface area of the pores that are effective for methane (0.7-7 nm; Kowalczyk et al., 2005; Liu et al., 2016; Rexer et al., 2014; Yang et al., 2010) . For a known surface area and density distribution, the absolute adsorption amount can be calculated by equation 7:
(7) where nab is the absolute adsorption amount. The value of σ can be calculated using an optimization process. The objective function is defined using equations 8 to 10:
(10) where Δn′ is the difference between calculated (nGibbs_cal) and experimental data (nGibbs_exp). The function J in equation 10 is used to demonstrate the deviation between the predicted and experimental data. The minimum value of J corresponds to the target Gibbs adsorption amount with σ and a calculated. This process was performed iteratively based on the interior-reflective Newton method (Coleman & Li, 1996) .
Results and Discussion
Shale Characterization
Shale samples from the Chaiye-2 drilling well (including samples for this study) have been introduced in our former research (Wang & Yu, 2016) .
The TOC values from a carbon/sulfur analyzer for S_#1 -S_#3 are 1.67%, 2.88%, and 1.67%.
The vitrinite reflectance values obtained by rock pyrolysis indicate a higher maturity of the kerogen in S_#2 (1.59% R0) relative to S_#1 and S_#3 (1.49% and 1.13% R0). Both S_#1 and S_#2 have reached the gas window, and they belong to the condensate and moisture zones, where gas is mainly generated by thermal cracking (Zhang et al., 2014) .
The CH4 sorption capacity varies significantly among different clay types. Ji et al. (2012) used experiments to show that montmorillonite-based bentonite has a much larger CH4 sorption capacity than illite/smectite interstratified clay (I-S mixed-layer clay) or kaolinite. For samples of S_#1 to S_#3, the illite/smectite interstratified clay made up the dominant proportion at 53%, 55%, and 58%, followed by the kaolinite (22%, 29%, and 25%) and the illite (15%, 8%, and 26%). 
Adsorption Isotherm of Methane With Different Moisture Contents
As shown in Figure 6 , the water adsorption isotherms exhibit faster increases at RH > 48%. Hatch et al. (2012) determined the water adsorption on clays and suggested that at an increased RH of approximately >15-20%, water adsorbs at a faster rate, as monolayers tend to transfer to multiple layers, even exhibiting capillary condensation in major pores. Li et al. (2016) also proposed that when the coverage of water on the solid surface is more than a monolayer, a transition from gas-solid interface interaction to gas-liquid interface adsorption occurs. However, when the coverage is less than a monolayer, strong competition between water and methane molecules for adsorption sites should be considered. In addition to its effect on methane behavior, water influences both the bulk volume and the total weight of the shale . The water content and the corresponding shale density variation are listed in Table 2 . The Langmuir equation is used to predict the absolute adsorption amount at a given pressure (nab) . Unlike the optimized model, it is based on the "monomolecular" layer concept, which is commonly used in practice due to its simplicity and clear physical meaning of fitting parameters.
In addition, the Langmuir equation can provide a good representation of the measured sorption data for coals (Crosdale et al., 2008) , clays (Hartman et al., 2008; Ji et al., 2012) , and even shales (Liu et al., 2016) in both dry and moist conditions (Li et al., 2016) .
(12) where nmax is the maximum adsorption amount for methane and K (T) is the temperaturedependent parameter. Figures 7-9-7-9 present the experimental and modeling results for methane adsorption onto partially saturated samples up to 12 MPa, and the model shows that the methane capacity decreases by 13-42% at the highest moisture content. Compared to S_#2, the methane capacity of both S_#1 and S_#3 exhibits a moderate decrease in the presence of water. Although numerous studies state that under moist conditions, moisture may render many microporous sorption sites unavailable to CH4 by filling pore throats or occupying sorption sites (Joubert et al., 1974; Krooss et al., 2002; Ross & Bustin, 2007b) , a slight upward trend in the adsorption amount is observed in S_#2 at ω = 0.08% and S_#3 at ω < 0.5% when the pressure is higher than ~6 MPa. Distinct and consistent decreases in capacity occur at 0.18% ≤ ω ≤ 0.68% for S_#1, 0.08% ≤ ω ≤ 0.32% for S_#2, and 0.50% ≤ ω ≤ 1.05% for S_#3. S_#3 exhibits the slowest downward trend and lower adsorption amount as a whole. With increasing moisture content, according to Li et al. (2016) , an approximately 0.4-nm-thick layer of adsorbed water forms at RH = 0.7, and the thickness of the layer increases rapidly as RH is increased to 1, which indicates multilayer adsorption transitioning to capillary condensation. On the other hand, Joubert et al. (1974) found that only adsorbed water affects methane adsorption. These results are consistent with our observation that at RH levels greater than 75% (ω = 0.68% for S_#1, ω = 0.32% for S_#2, and ω = 0.98% for S_#3), water has a minimal influence on methane adsorption. (2017) proposed that low relative permeabilities also limit the rates of water redistribution within matrix pores, thus allowing the persistence of water blocks at fracture-matrix boundaries. Within the kerogen surrounded by inorganic matter, the state of gas adsorption + diffusion dominates, where water adsorbed on the surface weakens the gas-surface interaction. Their configuration suggests that both the effective sites and the accessible approaches to these sites are influenced by moisture, and the type of moisture influence depends on the sample component and the corresponding structure. S_#2 has a nearly twofold higher TOC content than S_#1 and S_#3 as well as superior methane capacity under dry conditions. However, S_#2 also has a quartz content of 49%, and lower clay minerals account for 6%, indicating poor access for methane in the presence of water. S_#1 and S_#3 possess higher clay contents of 21% and 46%. With a higher proportion of hydrophilic sites, both the samples possess higher water content and limited methane capacity reduction. This is possibly because the structure benefits methane transportation in the presence of water, as clay tends to retain water compared to quartz.
The regression parameters obtained from the modeling optimizations, including the ALT (r2), the density distribution σ, the maximum adsorption amount nmax, the temperature-dependent parameter K (T), and the correlation coefficient R of the Langmuir fitting, are shown in Table 3 .
The average value of R from the linearized Langmuir equation is 0.993. The values of σ also decrease by up to approximately 17%-43%, indicating a "narrow adsorption zone" off the moisture surface. The pore accessibility, the relationship between organic matter and clay minerals, and the blockage and availability of sorption sites must be considered, and further research is required to differentiate these factors (Merkel, Fink, et al., 2015) . Organic matter in shales provides the dominant effective sites for methane initially. With accumulated gases, these effective sites tend to saturate, and the proportion of methane on inorganic pore surfaces increases. Although clays facilitate methane adsorption, their sites are strongly influenced by moisture. Water is reported to hinder methane adsorption, leading to a substantially lower adsorbed methane density because of the weaker solid-gas interaction (Jin & Firoozabadi, 2014) . At higher pressures caused by the accumulation of hydrocarbons such as methane, the ratio of water in the gas phase will decrease, and water will evaporate into gas phase (Li et al., 2016) . Moreover, the adsorption process is more sensitive to the state of the bulk phase at higher pressures. Both factors explain why methane adsorption ceases to decrease evidently at and above 9 MPa. Notably, as the Gibbs data were analyzed with the optimized model and then the Langmuir equation to make the comparison, the modeling results may have fluctuated somewhat compared with the Gibbs data while still showing an accordant trend.
As shown in Figures 10-12 , methane adsorption is not strongly influenced at the lowest moisture contents. Regardless of the component, pores with smaller diameters may preferentially hold water, but some of them are limited to methane for its larger dynamic diameter (Liu et al., 2016) .
In different shales, the distribution of hydrophobic and hydrophilic sorption sites throughout the pore network plays a major role in the effect that moisture has on the methane capacity with regard to blocking pore throats. At lower pressures, methane adsorption tends to be negatively influenced as the water blocks the pore throats and effective sites. More than just adsorption, water may interact and alter the pores with hydrophilic surface, while Li et al. (2017) did modeling studies to propose that within pores >2 nm, the critical RH of water desorption is higher than ~20%, so at increased pressures, methane could have a greater chance of transporting and interacting with the altered pores. This explains why the negative moisture effect reduces with increasing pressures at the lowest water content. However, to achieve more realistic adsorption behavior for deep reservoirs, a confining stress should be included, which might lead to different results. At higher confining pressures, the alteration of the pores by water is largely limited. Unfortunately, this alteration cannot be measured in crushed samples that do not experience confining stresses.
For further analysis, the variations in the ALT with the methane and moisture content are presented in Figures 13-15 . With the increasing moisture content, the average ALT decreases from 0.60 to 0.43 nm in S_#1, from 0.48 to 0.26 nm in S_#2, and from 0.23 to 0.20 nm in S_#3 at ~9 MPa. ALT reduction exhibits a weaker response to the lowest moisture content. Given the lower limit of pore width accessibility, the small amount of water in ultramicropores is expected to affect methane adsorption slightly. However, increasing adsorbed water impedes the potential well; thus, methane fails to form the same multilayer onto the water-occupied surface (Jin & Firoozabadi, 2014) . It is noted that the model may underestimate the result as it is based on an unchanged surface area with weaker interaction in the presence of water (Li et al., 2016) . However, with the increasing water content, the water-influenced gas-surface interaction may be so weak that the surfaces are ineffective to methane. closely related to the methane behavior under the given moisture conditions, and the ALT clearly changes within a certain moisture content range, which is 0.18% < ω < 0.68% for S_#1, 0.08% < ω < 0.32% for S_#2, and 0.50% < ω < 0.98% for S_#3.
This study investigated the influences of water on methane adsorption in three partially saturated shales. In samples with lower moisture contents, we found that a hint of moisture affects the methane adsorption less, especially at high methane pressures. When the moisture content is increased, moisture clearly impedes methane adsorption. The experimental data indicate that clay-rich shales exhibit a higher resistance to the influence of water. Clays may attract water into their interlayer pores, which limits the formation of obstacles that prevent methane from reaching the adsorption sites. After reaching a specific threshold of water content, additional moisture has little or no impact on methane adsorption in our crushed samples. The methane capacity of the studied shales decreases by 13-42% at the highest moisture content. It is worth noting that the moisture-influenced methane adsorption experiments on bulk shale may lead to different results when the confining stress may limit reshaping of the pores and gas transport.
An optimized model based on the approximation of adsorbed methane density was proposed.
The variation of the adsorbed layer thickness suggests that the influence of water-shale interaction on methane behavior is pressure and water content dependent. The hydrophilic/hydrophobic characteristics and locations of the effective sites are closely related to the methane behavior, and the ALT clearly changes within a certain moisture content range.
